where local re-deposition was determined to be negligible. Real-time gross erosion rates were also calculated using Al I emission line intensities, but these rates greatly underestimate the actual observed erosion. The ionizations per photon (S/XB) coefficients used in these calculations were determined in separate experiments using He plasmas at the PISCES linear plasma facility at UCSD, and these values compare well with theoretical data.
Introduction
The erosion of the low-Z element aluminum (Al) in the DIII-D divertor is being studied as a proxy for beryllium (Be), which will be the primary plasma facing material in the ITER first wall and secondary (upper) divertor plasma-facing components. Al is a useful proxy for
Be since it shares similar sputtering and chemical characteristics [2] without having the severe chemical toxicity restrictions of Be, and is easily distinguishable from background sources in DIII-D. However, due to its low melting point (933 K), Al poses a challenge in high heat flux plasma exposures since thermally induced effects on surface morphology and erosion rate can be significant above Tm1/2 (467 K).
Experimental setup
In two separate experiments, thin coatings of Al were exposed on the DiMES probe at the outer strike point of repeated simple-as-possible plasma discharges in DIII-D that have been well-characterized and previously modeled [3] . The background plasma was deuterium (D) with a carbon (C) impurity, and the average plasma conditions during each sample exposure are listed in Table 1 . The C impurity level was not measured, but has been estimated for similar plasmas to be 1% of the D content [4] . Samples were exposed during repeat discharges, with strike point dwell times on the sample limited in order to keep the average surface temperature below 200°C.
The Al coating geometry for both samples, described in Fig. 1 , included two areas: a larger area onto which significant re-deposition is likely to occur; and an area smaller than the ionization mean free path located on the upstream side of the larger area, thus minimizing any redeposition. This enabled measurement of both the net erosion and gross erosion rates using pre and post-mortem helium (He) Rutherford backscattering (RBS) film thickness measurements of the large and small areas, respectively. The first case sample [ Fig. 1 Fig. 1(b) ], the same Al coating was applied directly to a polished graphite probe head to maximize the substrate thermal capacitance and reduce the thermal resistance to the Al coating.
Measurement of Al-I S/XB
The key to an accurate measurement of atomic influx using spectroscopic data is having accurate measurements of the number of atoms per emitted photon, or S/XB [5] . Photon emission intensities were measured with an absolutely calibrated spectrograph viewing through one of two lines of sight described in the diagram [ Fig. 3 ]. Radial profiles of the plasma were obtained with a plunging Langmuir probe at Z ~ 150 mm. The total sputtered atom flux, , was calculated using the sputtering yield (measured in a separate
He plasma mass loss experiment) and ion flux measured by the Langmuir probe.
The critical condition for S/XB measurement is that all sputtered atoms are ionized before escaping the ionizing plasma volume, so that . Radial profiles of plasma parameters (flux, density, temperature) were found to be peaked over the 22 mm diameter sample with a characteristic length L determined from the Gaussian halfwidth (1-sigma) of 7 mm. The ionization mean free path for sputtered Al atoms ( ) was estimated for each set of plasma parameters from the decay length in the axial profile of Al I emission, and found to be within the range of 4-12 mm for the various plasma conditions.
The estimated s in agreement with calculated values [7] , to within the error of the measurement of ne and Te. Due to the relatively long , the achievement of the critical condition was marginal and so the ionization flux had to be reduced by fraction of the sputtered atoms lost to the wall.
The Al influx was calculated using the probe measured ion flux and a sputtering yield The resulting S/XB values, plotted in Fig. 6 , are scattered around 4x the theoretical values calculated using plane wave born (PWB) scaling of excitation [9] and ionization crosssections data available in ADAS [10] [ Fig. 4(a) ]. A significant part of the scatter may be due to changes in the sputtering yield with fluence due to changes in surface morphology. The calculated values of S/XB were systematically higher for data points taken with higher fluence, and a ~2-3x reduction in sputtering yield over the course of the exposures would account for that trend. Overall, the S/XB coefficients may be under-estimated due to an under-estimate of the sputtering yield if significant re-deposition was occurring, however during the exposure this was expected to be low due to the high geometric loss flux (~30%) and large ion larmor radius (~40 mm) compared to the size of the plasma.
Spectroscopic erosion measurements
Spectroscopic measurements of Al erosion were made using both an absolutely calibrated visible spectrometer and CCD camera with narrow band-pass filters centered on the 396.1 nm The resulting spectroscopic erosion measurements are shown as real-time erosion rate vs time in Fig. 7 and dwell-averages are summarized in Table 1 . Despite keeping plasma parameters as constant as possible, the spectroscopically measured erosion rates of Al typically increased by 15%-50% during each shot, indicating that surface heating or by evolution of surface composition due to mixed-material effects may be playing a role in enhancing the erosion rate. Erosion rates based on either experimental Al I S/XB values or theoretical Al II S/XB values were in good agreement with each other. The first exposure, run with lower density and higher temperature, had a lower erosion rate. Drops in the erosion rate seen in the subsequent exposures were caused by a shift in strike point position and a reduction in local plasma parameters.
Non-spectroscopic gross erosion measurement
The non-spectroscopic gross erosion measurement relies on the assumption that the majority of atoms eroded from within and near the small sample area are re-deposited outside the area such that net erosion becomes equivalent to gross erosion. A simple geometric model of erosion-deposition can be made, neglecting sheath effects and assuming singly ionized gyration along magnetic field lines, can be used to estimate the average distance to redeposition , and hence the fraction of atoms re-deposited within a distance d as:
In the case of a 1mm spot of Al in DIII-D plasmas used in these experiments, the ionization mean free path for a sputtered Al atom with average energy is , ion gyro radius and assuming an average sputtering angle of , the re-deposition fraction is expected to be ~5%.
Measurements of the gross and net erosion rate, achieved with He RBS before and after sample exposure, are summarized for the three samples in Table 1 . For the first case sample, the entire 1 mm spot had eroded away, along with a portion of the 1 cm spot, so the measurement may underestimate gross erosion rate. However, an observed decrease in emission intensity during the last 3 seconds of exposure suggests the rate is only ~20% low.
For the second case sample, the erosion rate reflects an average of a modest range of exposure conditions, detailed in Table 1 . The measurement was also complicated due to having a thin (<100 nm) film deposited on a rough (>1 um) and slightly porous substrate.
Despite best efforts to polish the graphite substrate to ~1um roughness, the surface roughness was skewed by pores measuring ~35 um in size covering 15% of the surface. The effect of this surface may have led to inhomogeneous erosion and deposition rates [12] , as evidenced by the broadening of edges in the RBS profiles that were fit using a mixed Al/C interface with thickness on the order of the overall Al film thickness.
Results
The total measured erosion yields for the two plasma exposure cases are summarized in Table 1 . Total exposure averaged values are shown, as well as sub-sets of Case 2 where the spectroscopic erosion rate was seen to change with varied background plasma parameters.
The average erosion yield in the second case sample was ~30% lower than the yield in the first case sample, likely due to a lower surface temperature and slightly reduced average exposure conditions. The conditions were varied for the second sample by decreasing the density (2a) and varying the strike-point position (2b-e). Surprisingly, there appeared to be a slight increase in erosion rate observed at higher ne and lower Te (2a,b).
Overall, the spectroscopic erosion rate was between 5% Figure 1 : Coating geometry, field directions, etc. 1 st Case sample "net erosion" area was a spot 1cm in diameter in the center of the planchet, and the "gross erosion" area was a 1mm spot located 10mm toroidally upstream of the center. 2 nd Case sample was a region measuring 15x20mm with a 1x20mm masked stripe, and the "gross erosion" area was a thin stripe measuring 1x20mm and located 15mm upstream of the center. 
